The retina expresses several laminins in the outer plexiform layer (OPL), where they may provide an extracellular scaffold for synapse stabilization. Mice with a targeted deletion of the laminin b2 gene (Lamb2) exhibit retinal disruptions: photoreceptor synapses in the OPL are disorganized and the retinal physiological response is attenuated. We hypothesize that laminins are required for proper trans-synaptic alignment. To test this, we compared the distribution, expression, association and modification of several pre-and post-synaptic elements in wild-type and Lamb2-null retinae. A potential laminin receptor, integrin a3, is at the presynaptic side of the wild-type OPL. Another potential laminin receptor, dystroglycan, is at the post-synaptic side of the wild-type OPL. Integrin a3 and dystroglycan can be co-immunoprecipitated with the laminin b2 chain, demonstrating that they may bind laminins. In the absence of the laminin b2 chain, the expression of many presynaptic components (bassoon, kinesin, among others) is relatively undisturbed although their spatial organization and anchoring to the membrane is disrupted. In contrast, in the Lamb2-null, b-dystroglycan (b-DG) expression is altered, co-localization of b-DG with dystrophin and the glutamate receptor mGluR6 is disrupted, and the post-synaptic bipolar cell components mGluR6 and GPR179 become dissociated, suggesting that laminins mediate scaffolding of post-synaptic components. In addition, although pikachurin remains associated with b-DG, pikachurin is no longer closely associated with mGluR6 or a-DG in the Lamb2-null. These data suggest that laminins act as links among pre-and post-synaptic laminin receptors and a-DG and pikachurin in the synaptic space to maintain proper trans-synaptic alignment.
partners, may be important in synapse stabilization (Sugiyama, Glass, Yancopoulos, & Hall, 1997; Montanaro et al., 1998; Son et al., 2000; Walikonis et al., 2000; Marangi, Wieland, & Fuhrer, 2002) . Moreover, laminins and laminin receptors shape synaptic plasticity. In invertebrates, integrins promote synaptic development (Beumer, Matthies, Bradshaw, & Broadie, 2002) and modulate neuronal interactions (Grotewiel, Beck, Wu, Zhu, & Davis, 1998; Wildering, Hermann, & Bulloch, 2002) . In vertebrates, laminins and integrins modulate long-term potentiation in the CNS (Chen & Strickland, 1997; Bahr et al., 1997; Connolly & Tully, 1998; Huang, Wang, Tang, & Lee, 1998; Staubli, Chun, & Lynch, 1998; Nakagami, Abe, Nishiyama, & Matsuki, 2000) . We hypothesize that laminins and their receptors stabilize the juxtaposition of signaling cascades across the synaptic cleft.
The mammalian retina provides an outstanding model to study this hypothesis, in part because rod photoreceptors and their synapses in the outer plexiform layer (OPL) are readily identified and their structural organization is relatively well understood. However, as with other CNS synapses, the precise molecular organization of the photoreceptor synapse has not been completely defined. Nevertheless, many of the molecules critical for stability at the neuromuscular junction-laminins, agrin, dystrophin, dystroglycan, and integrins-are expressed in the OPL (Rodius et al., 1997; Ueda et al., 1997; Ueda, Gohdo, & Ohno, 1998; Ueda et al., 1995a; Ueda, Tsukahara, Kobayashi, & Ohno, 1995b; Schmitz & Drenckhahn, 1997; Blank, Koulen, & Kr€ oger, 1997; Kr€ oger, 1997; Koulen, Blank, & Kr€ oger, 1998; Fitzgerald, Cibis, & White, 1998; Libby et al., 2000; Blank, Blake, & Kr€ oger, 2002) . Pikachurin (Egflam), a putative dystroglycan ligand, is essential for normal photoreceptor synapse formation (Sato et al., 2008; Kanagawa et al., 2010) . Cytomatrix molecules such as bassoon, piccolo, piccolino, PSD-95, and other scaffolding molecules have been identified in the photoreceptor terminal (Morgans, Brandstatter, Kellerman, Betz, & Wassle, 1996; Morgans et al., 1996; Sassoè-Pognetto & Wassle, 1997; Brandstatter, Fletcher, Garner, Gundelfinger, & Wassle, 1999; Dick et al., 2001; Regus-Leidig et al., 2014) and many play important roles in anchoring the presynaptic release site (e.g., Dick et al., 2003; Regus-Leidig et al., 2014) . Thus, while the "molecular anatomy" of the photoreceptor terminal is emerging, several key players have not yet been elucidated.
We previously demonstrated that ablation of the laminin b2 gene (Lamb2) in vivo produces dysmorphic photoreceptor synapses: the "triad" ribbon synapse is disrupted with a concomitant disruption of signal transmission, providing direct support that laminins are involved in synapse stabilization (Libby, Lavallee, Balkema, Brunken, & Hunter, 1999) . Here, we provide evidence for components of the complexes that couple pre-and post-synaptic components to laminins, and show disruptions in those complexes upon deletion of laminin b2, thereby elucidating a functional laminin-receptor interaction.
| M E TH ODS
All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Animals and the policies of the Society for Neuroscience and the Association for Research in Vision and Ophthalmology with a protocol approved by the Institutional Animal Care and Use Committee (IACUC) of Tufts University, and the State University of New York -Upstate Medical University.
Mice heterozygous for a null mutation in the laminin b2 chain gene (Noakes, Gautam, Mudd, Sanes, & Merlie, 1995) were a gift from Joshua Sanes (Washington University, St. Louis, MO). The generation of these mice has been described previously (Noakes et al., 1995; Libby et al., 1999) . The laminin b2 mutant line was maintained by mating heterozygous mice. The offspring of this cross were genotyped as previously described (Libby et al., 1999) to determine homozygous null and wild type littermates. Mice were maintained in standard living conditions (12/12 hr light/dark cycle) with food and water ad libidum.
| Immunohistochemistry
Age matched or littermate wild type and laminin b2 null mutants were deeply anesthetized with CO 2 and decapitated between P18 and P22.
Eyes were enucleated and the anterior chamber and lens were removed. For light microscopy, the resultant eyecup was immediately frozen in OCT (Miles, Elkhart, IN) in an alcohol bath on dry ice. Alternatively, the eyecup was immersion fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS; 137 mM NaCl, 2.68 mM KCl, 10mM Na 2 HPO 4 , 1.76 mM KH 2 PO 4 , pH 7.4) for 30 min at 48C, washed with PBS, placed into 10% sucrose solution for 1 hr, followed by a 20% sucrose solution for 1 hr, and overnight in a 30% sucrose solution at 48C. The tissue was then placed in OCT and frozen as described above. Frozen tissue was cut at 10 mm on a cryostat (Reichert-Jung 2800 frigicut) and sections stored at 2808C. Fresh frozen retina were fixed in acetone (2208C) for 30 s, washed 3 3 10 min in PBS and blocked in 5% serum, 1% BSA, and 0.1% Trition X-100 in PBS. Primary antibodies were diluted in 1% serum, 1% BSA, and 0.1% Triton X-100 in PBS, applied to sections, and incubated overnight at 48C. Sections were washed 3 3 10 min in PBS, incubated in speciesappropriate secondary antibodies raised in donkey (Invitrogen, Carlsbad, CA) coupled to appropriate fluorochromes (AMCA, Alexa 488 and Alexa 568) for 1 hr at room temperature, washed 3 3 10 min in PBS, and coverslipped in ProLong (Molecular Probes, Eugene, OR).
PFA-fixed frozen sections were processed as described above but the acetone fixation was omitted. were adjusted only for color and brightness using Adobe Photoshop CS3.
| Antibodies used for immunohistochemistry

| Calculation of Rod and Cone Ribbon Morphometry
Ribbon number and length were calculated from collapsed stacks of deconvolved images of sections of retinas taken between 4.5 and 7.5 hr after light onset a time when the ribbon length is the shortest (Balkema, Cusick, & Nguyen, 2001) . Sections were doubly labeled with antibodies to bassoon, to label ribbons and antibodies to cone arrestin, to label cones. Stacks of images spanning 1.8-3.5 mm sections were deconvolved and collapsed into a single plane to remove out of focus signals (Volocity 6.3, Improvision).
| Calculation of Pearson's differentials
Pearson's correlation coefficients (Pearson, 1896) between two signals at photoreceptor synapses were determined using the coloc2 subroutine of the colocalization plug-in included in the Fiji image processing package distribution (https://imagej.net/Fiji; RRID: SCR_002285) of ImageJ (http://imagej.net/; RIID:SCR_003070), version 2.00-rc-59/ 1.51k, build fab6e1a004. Signals in an image from two antibodies against two proteins that are in a complex will provide a Pearson's correlation coefficient that is close to 1. The farther apart the two proteins are, the smaller the Pearson's correlation. To simplify presentation, we calculated the proximity of two signals by subtracting the Pearson's coefficient from 1. With this calculation, signals that are not distinguishable will have a Pearson's differential of 0, and the differential will increase, as signals are further apart. We term this value the Pearson's differential.
| Preparation of tissue fractions
Tissue samples were homogenized on ice in 150 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 0.5% NP-40, 0.2 mg/ml a 2 -macroglobulin, 50 mM Tris, pH 7.5. Phenylmethyl sulfonyl fluoride was added to a final concentration of 1 mM. For analysis of cytosolic proteins, samples were centrifuged at 10003g for 10 min at 48C. The supernatant was used for immunoprecipitations.
For analysis of membrane/matrix proteins, the homogenates were centrifuged at 170003g for 30 min at 48C. For protein transfer blotting, the pellet was resuspended as previously described (Libby, Xu, Selfors, Brunken, & Hunter, 1997 (Libby et al., 1997) , with the exception that membranes used were either nitrocellulose or PVDF (Millipore, Billerica, MA).
| Antibodies used for protein transfer blotting and immunoprecipitations
All antibodies listed react specifically with the appropriate antigen on protein transfer ("Western") blots or immunoprecipitation of tissue, as shown in the references cited (Table 2) 2.9 | Immunoprecipitation
Immunoprecipitations and negative controls were performed as previously described (Claudepierre et al., 2005) . Briefly, mouse retinal homogenates were prepared as described above with the addition of 1% Triton X-100. Protein G-sepharose beads (BRL, Bethesda, MD)
were pre-blocked with 1% bovine serum albumin (Sigma) overnight at 48C, and protein sample extracts were pre-cleared with protein Gsepharose beads overnight at 48C. Protein lysates and antibody were mixed with the blocked protein G-sepharose for at least 2 hr at 48C.
Beads were washed in 50 mM NaCl, 0.1% Triton X-100, 0.2 mg/ml a 2macroglobulin, 50 mM Tris HCl, pH 7.5, then 500 mM NaCl, 0.1% Triton X-100, 0.2 mg/ml a 2 -macroglobulin, 50 mM Tris HCl, pH 7.5 and the washes discarded. Samples were retrieved by heating the beads at 1008C for 10 min in SDS sample buffer (see above), spinning briefly, and removing the supernatant.
| R E SU LTS
We have previously shown that laminins containing the laminin b2 chain are present in the photoreceptor synaptic layer, the OPL (Libby et al., 2000) . We have also shown that removal of laminins containing the laminin b2 chain by deletion of the Lamb2 gene results in disruption of the photoreceptor synapse (Libby et al., 1999) . These disruptions include: loss of the typical triad organization, suggesting a loss of trans-synaptic structure; presence of unanchored photoreceptor synaptic ribbons, suggesting a loss of pre-synaptic integrity; and marked disruption in physiological response to light, suggesting a loss in transmission through the photoreceptor synapse. How does the loss of the synaptic laminins cause disruption in synaptic structure and function?
Our previous analyses (Libby et al., 1999) did not distinguish between rod and cone synapses in the mouse OPL, in part because rods greatly outnumber cones: rods are >97% of all photoreceptors in the mouse (Jeon, Strettoi, & Masland, 1998) . Before investigating the specific molecular changes that occur in the OPL upon deletion of the Lamb2 gene, we analyzed whether similar disruptions occur in both rod and cone synapses of Lamb2-null retinae.
Rods contain a single ribbon at their synaptic terminal, and cones contain 10 ribbons per terminal (Tsukamoto, Morigiwa, Ueda, & Sterling, 2001) . Despite this difference, two aspects of synaptic ribbon structure are shared among rods and cones: synaptic ribbon length and synaptic ribbon density. We compared these aspects of synaptic structure in wild-type and Lamb2-null rods and cones in central and peripheral retina (Figure 1 ). We measured ribbon lengths and densities in regions containing rods and cones. Cone densities are much lower than rods, so we analyzed ribbons only as a function of their structure within cone and rod terminals, not over the entire length of the retina. In the wild-type rod output synapse, mGluR6 protein is located near the post-synaptic dendritic tips of bipolar cells, apposed to the bassoon-rich ribbon in the pre-synaptic photoreceptor terminal ( Figure   5a ). In cross-section, this ribbon is present as a structure arching over the mGluR6-containing post-synaptic terminal (Figure 5a ). As noted above (Figure 4; mGluR6) , bipolar cell dendritic terminals are more diffusely distributed in the Lamb2-null OPL. In addition, in Lamb2-null retinae, the distinctive arch-shaped synaptic structure is nearly completely absent: although both bassoon and mGluR6 are present, mGluR6 is diffuse, and arched ribbons apposing dendritic tips are markedly reduced ( Figure 5a ). This misalignment is consistent with our previous observations demonstrating a reduction in synaptic triads in Lamb2-null retinae (Libby et al., 1999) and provides an anatomical basis for the functional observation that Lamb2-null retinae do not efficiently transmit signals through the photoreceptor synapse (Libby et al., 1999) .
Changes in the synaptic structure of the OPL could be pre-, postor pre-and post-synaptic. We analyzed post-synaptic structure by comparing the distribution of two post-synaptic components of rod and cone bipolar cells in wild-type and Lamb2-null retinae: the 7transmembrane domain protein, GPR179 (Peachey et al., 2012; Ray et al., 2014) and mGluR6. As previously demonstrated (Ray et al., 2014) , in wild-type retinae, these two proteins are nearly codistributed ( Figure 5b ). In contrast, in Lamb2-null retinae, GPR179 and mGluR6 become dissociated from one another (Figure 5b) . These data suggest that laminins are components of the trans-synaptic stabilization of a large complex that includes not only post-synaptic neurotransmitter receptors but also other components of the photoreceptor synapse.
The reduction in pre-and post-synaptic alignment in the absence of laminins containing the laminin b2 chain suggests that laminins in the extracellular space interact with stabilizing transmembrane receptors on pre-and post-synaptic cells. Many laminins interact with cells via the integrin family of heterodimeric receptors. One integrin subunit present in the OPL is integrin a3 (Figure 6a ). In wild-type retinae, integrin a3 is adjacent to bassoon, demonstrating its pre-synaptic location (Figure 6a ). In wild-type retinae, pre-synaptic bassoon and integrin a3
are directly apposed to the post-synaptic receptor, mGluR6 (Figure 6a ).
In Lamb2-null retinae, bassoon and integrin a3 remain aligned in the pre-synaptic terminal, but are no longer apposed to the post-synaptic mGluR6 (Figure 6a ). These data are consistent with (pre-synaptic) photoreceptors employing integrins containing the a3 subunit as laminin receptors.
Integrin immunoreactivity is present in the OPL and integrin a3 protein is present in retinal extracts ( Figure 6 ). This integrin subunit remains present in the Lamb2-null OPL and retinal extract (Figure 6b ).
Integrin a3 can be co-precipitated with the laminin b2 chain ( Figure   6b ), and the integrin a3 and b1 subunits co-precipitate (Figure 6b ).
Taken together, these data suggest an interaction between integrins (e.g., a3b1) in the (pre-synaptic) photoreceptor terminal and laminins (containing the laminin b2 chain) in the synaptic cleft is possible.
Laminins also interact with cells via members of the dystrophin/dystroglycan complex. b-dystroglycan is present in the OPL (Figure 7) . In wild-type retinae, b-dystroglycan is distal to the pre-synaptic component bassoon, and co-localizes with the post-synaptic receptor mGluR6 (Figure 7) . These data demonstrate that b-dystroglycan is a component of post-synaptic cells, but do not exclude potential pre-synaptic expression of b-dystroglycan. In Lamb2-null retinae, although bassoon and b-dystroglycan remain in the OPL, they no longer appose one another FIG URE 6 a3-containing integrins are located adjacent to bassoon at photoreceptor terminals and may be pre-synaptic laminin receptors.
(a) The integrin a3 subunit is presynaptic at photoreceptor synapses. Deconvolved wide-field images of the outer plexiform layer compare the distribution of a component of the presynaptic terminal (bassoon) with that for a component of the bipolar cell post-synaptic membrane (mGluR6) and the integrin a3 subunit. The triple overlay demonstrates integrin a3 present in a structure close to, but not coincident with, bassoon (purple to white arcs), directly apposing mGluR6 (green) in wild-type (WT) retinae. Registration of the integrin/bassoon complex with mGluR6 is disrupted in the Lamb2-null (KO) mouse. Bassoon and mGluR6 images from the KO retina are the same region as in Figure  4 . Scale bar for eight left panels, 10 lm; for two right panels, 1 lm. (b) Left, integrin a3 levels do not change dramatically in the Lamb2-null mouse (KO). Right, immunoprecipitations (Immunoppt) with antibodies against laminin b2 and integrin a3 revealed with antibodies against integrin a3 and anti-b1. An anti-laminin b2 immunoprecipitate revealed with anti-integrin a3 antibody demonstrates co-precipitation of laminin b2 and integrin a3. An anti-a3 integrin immunoprecipitate revealed with anti-integrin a3 and anti-b1 integrin demonstrates co-precipitation of integrin a3 and b1. These data demonstrate that an integrin integrin a3b1 dimer is present in the retina, and that a3-containing integrins can form a complex with laminins containing the laminin b2 chain. These date further suggest that integrins in the photoreceptor terminal may act as presynaptic laminin receptors [Color figure can be viewed at wileyonlinelibrary.com] and bassoon is present in a less arched shape (Figure 7a ), consistent with our previous observations demonstrating a dysmorphic photoreceptor synapse in Lamb2-null retinae (Libby et al., 1999) . Moreover, the register between b-dystroglycan and mGluR6 (Figure 7b ) is also disrupted in the absence of the laminin b2 chain: although co-localization of some mGluR6 and b-dystroglycan is present (Figure 7b KO, yellow), there are many patches of discontinuity (Figure 7b KO, green or red alone).
The extracellular dystroglycan binding protein, pikachurin, is closely associated with post-synaptic mGluR6 in the wild-type OPL (Figure 8a ), as previously described (Sato et al., 2008) . In the Lamb2null retina, pikachurin and mGluR6 are sometimes no longer associated ( Figure 8a ) and in the Lamb2-null retina, pikachurin is occasionally missing from some regions expressing mGluR6 (Figure 8a) .
These regions where mGluR6 is not associated with pikachurin presumably reflect post-synaptic mGluR6-expressing bipolar dendrites that are fully dissociated from photoreceptors (Figures 4-7) . These data are consistent with the disruption of stable synapses in the absence of the laminin b2 chain that normally include pikachurin and mGluR6.
Pikachurin is associated with b-dystroglycan in the wild-type OPL (Figure 8b) , as previously reported (Sato et al., 2008) . Pikachurin remains tightly associated with b-dystroglycan in the Lamb2-null OPL, although the pikachurin-b-dystroglycan complex is more diffusely distributed in the Lamb2-null OPL, and pikachurin and b-dystroglycan immunoreactivities are more closely associated with one another (Figure 8b) . In contrast, pikachurin and a-dystroglycan become dissociated in the Lamb2-null OPL (Figure 8c ). In addition, the a-dystroglycan/ b-dystroglycan complex, that is tightly associated in the wild-type OPL, is dissociated in the Lamb2-null OPL (Figure 8d ). These data are consistent with our previous data demonstrating a disruption of the OPL in the absence of the laminin b2 chain (Libby et al., 1999) , and a concomitant disruption of the a-dystroglycan/b-dystroglycan interaction, but minimal dependence of the pikachurin-b-dystroglycan complex on the laminin b2 chain.
Dystroglycan interacts with the intracellular scaffolding molecule, dystrophin. Dystrophin is co-localized with mGluR6 in the wild-type OPL (Figure 9a ), suggesting that, like b-dystroglycan (Figure 7) , it is expressed in the post-synaptic (bipolar) cell. As expected from their coexpression in the post-synaptic (bipolar) cell, dystrophin is co-localized with b-dystroglycan in the wild-type OPL (Figure 9b ), suggesting that a complex of b-dystroglycan, dystrophin and mGluR6 is formed in the post-synaptic (bipolar) cell. However, in the Lamb2-null OPL, dystrophin expression is delocalized both from the transmitter receptor, mGluR6 (Figure 8a ) and from the laminin receptor, b-dystroglycan ( Figure 9b ). Together, these data suggest that the absence of the laminin b2 chain leads to disruption of the dystrophin/dystroglycan complex and disruption of this complex leads to a destabilization of the mGluR6 on bipolar cell dendrites. fragment occurs concomitant with disruption of the laminin-dystroglycan complex (Yamada et al., 2001; Matsumura et al., 2005; Court et al., 2011) , and is known to occur concomitant with dissociation from a-dystroglycan in skin (C. Herzog, Has, Franzke, & Echtermeyer, 2004) and muscle (Holt, Crosbie, Venzke, & Campbell, 2000; Court et al., 2011 ). Thus, it is possible that the appearance of the 30kd dystroglycan fragment of b-dystroglycan (Figure 9c ) is a consequence of the disruption of the laminin-dystroglycan complex and disruption of the a-dystroglycan and b-dystroglycan interaction in the Lamb2-null retina.
Our data support a role for b-dystroglycan as a laminin receptor in the retina: in wild-type retinal extracts, b-dystroglycan co-precipitates with the laminin b2 chain (Figure 9c ), demonstrating that b-dystroglycan binds to laminins, or a complex containing laminins, containing the b2 chain in the retina.
We assessed the anatomical proximity of protein complexes by calculating Pearson's differentials (see methods) for various pairs of proteins at the photoreceptor triad synapse. In particular, we asked whether the association between pairs of molecules at the synapse is disrupted in the absence of the laminin b2 chain.
Proteins that are near to each other will have Pearson's differentials close to 0, and those that are far apart will have increasing Pearson's differentials. We calculated Pearson's differentials for several components of the photoreceptor synapse in wild-type and Lamb2-null retinae.
At the wild-type mouse photoreceptor synapse, components of the synaptic ribbon (kinesin and bassoon) are closely apposed, as are components of the dystrophin complex (dystrophin and b-dystroglycan) ( Figure 10 ). Other proteins that are closely associated at the wildtype synapse are dystrophin and mGluR6, mGluR6 and b-dystroglycan, and the post-synaptic mGluR6 and GPR179. In contrast to these closely associated components at the wild-type synapse, both the postsynaptic mGluR6 and the intracellular b-dystroglycan are distant from the synaptic pikachurin ( Figure 10 ).
In the absence of the laminin b2 chain, components of the synaptic ribbon (kinesin and bassoon) remain closely associated ( Figure 10 ).
However, in the Lamb2-null retina, several components of the synaptic complex become dissociated. These include the normally tightly associated dystrophin and b-dystroglycan, as well as dystrophin and mGluR6, mGluR6 and b-dystroglycan, and the post-synaptic mGluR6 and GPR179 ( Figure 10 ). In the absence of the laminin b2 chain, the postsynaptic mGluR6 and the intracellular b-dystroglycan remain distant from the synaptic pikachurin, although b-dystroglycan and pikachurin become somewhat more closely associated than in the wild-type ( Figure 10 ).
Taken together with our previous data (Libby et al., 1999) , these data suggest a direct interaction between a3-containing integrins in the pre-synaptic photoreceptor, extracellular b-dystroglycan and b2
chain-containing laminins associated with pikachurin in the synaptic space, as well as dystrophin associated with this complex (Figure 11) .
The anatomical and biochemical disruptions that occur upon removal of b2 chain-containing laminins suggest that these interactions are critical for stabilizing the photoreceptor synapse.
| D ISC USSION
| b2-containing laminins interact with a3containing integrins to stabilize synapses
We have previously demonstrated the presence of several laminin chains-consistent with the expression of laminins 423 (formerly a4b2g3) and 523 (formerly a5b2g3)-in the OPL (Libby et al., 2000) , and have shown that genetic deletion of laminin b2 results in dysmorphic photoreceptor synapses (Libby et al., 1999) . Laminins interact with several receptors, including members of the integrin family (reviewed in Belkin & Stepp, 2000) . Of the integrins, the a3 and a6 integrin chains are essential for proper retinal development and lamination (De Arcangelis, Mark, Kreidberg, Sorokin, & Georges-Labouesse, 1999) . Both the a3 ( Figure 6 ) and a6 integrin chains (our unpublished observations) are expressed in the OPL of the mouse, and both integrins a3 and a6 are expressed in the OPL of the tiger salamander (Sherry & Proske, 2001) .
Here, we show that the laminin b2 chain co-precipitates with integrin a3 from retinal extracts, demonstrating that, in retina, laminins containing the b2 chain interact with integrins containing the a3 chain.
In addition, a3b1 heterodimers are present in mouse retina. These coprecipitations are consistent with an interaction between laminins containing the b2 chain at the photoreceptor synapse (laminins 423 and 523; Libby et al., 2000) and a3b1 integrin. This interaction between specific laminins and specific integrins may serve as a component of synaptic ribbon anchoring at the photoreceptor synapse in the OPL.
These results are similar to pharmacological and genetic studies that have suggested that b1-containing integrins are critical in synaptogenesis, synaptic plasticity and memory formation (Hama, Hara, Yamaguchi, & Miyawaki, 2004; Chan et al., 2006) . These memory impairments are similar in a3-containing integrin deficient mice, suggesting that the a3 integrin chain is the functional binding partner for the b1 integrin chain for these processes in the forebrain (Chan et al., 2007) .
We have demonstrated that b2 chain-containing laminins expressed at hippocampal synapses are essential in the maintenance of integrity of hippocampal synaptic boutons (Egles et al., 2007) . Taken together, these data suggest that the stabilizing complex formed by Using confocal microscopy, dystrophin was localized predominantly post-synaptically at photoreceptor synapses of human, bovine and rat retina (Schmitz, Holbach, & Drenckhahn, 1993) , as well as in mouse retina (Bayley & Morgans, 2007) . Similarly, using conventional At the wild-type (WT) mouse photoreceptor synapse, the synaptic ribbon containing kinesin and the associated archiform density that contains bassoon are at the photoreceptor terminal, directly apposed to the post-synaptic complex in the bipolar dendrite. Integrins including integrin a3b1 are expressed on the photoreceptor terminal and interact with a laminin polymer that contains b2-laminins including laminins 423 and 523 in the synaptic cleft. The extracellular complex includes pikachurin and the a-and b-dystroglycan complex, which is associated with the post-synaptic dystrophin. Also post-synaptic at the synapse are the receptor mGluR6 and the 7TM-domain protein GPR179. In contrast, in the absence of Lamb2 (KO), integrins are no longer apposed to mGluR6, dystrophin and dystroglycan are dissociated from one another, and b-dystroglycan is cleaved to a smaller fragment, which leads to a dissociation of a-dystroglycan from the cleaved b-dystroglycan. In the KO retina, pikachurin remains near b-dystroglycan whereas a-dystroglycan becomes dissociated from this complex. GPR179 also becomes more distant from the synaptic complex. These data support the hypothesis that laminins act to hold the trans-synaptic complex together at the photoreceptor terminal. Laminin-integrin-dystroglycan interaction modeled after, among others, Hohenester and Yurchenco (2013) . Dystroglycan-dystrophin model modified from Lisi and Cohn (2007) ; mGluR6 model adapted from Chun, Zhang, and Liu (2012) , 1996) .
These anatomical data are supplemented by physiological data demonstrating related neurotransmission defects in dystrophin-and (post-synaptic) mGluR6-deficient animals (Masu et al., 1995; Pillers et al., 1995) . Animals lacking dystrophin have no light-elicited postsynaptic electrophysiological response as measured by the b-wave of the electroretinogram (ERG) (Pillers et al., 1995) , and animals lacking mGluR6 have a greatly diminished ERG b-wave (Masu et al., 1995) .
Together, these data suggest a role for dystrophins in anchoring postsynaptic mGluR6.
Some other studies conflict with these results. Immunoelectron microscopy in rat retina suggests that dystrophin is located at presynaptic photoreceptor protrusions, rather than post-synaptic elements (Ueda et al., 1995a; Ueda et al., 1997) . However, in these studies, the localization of dystrophin was performed in paraformaldehyde-fixed tissue using the anti-dystrophin antibody, dys-2 (Ueda et al., 1995a; Ueda et al., 1997) . The recommended fixation for the use of dys-2 is methanol, and dystrophin is difficult to detect in paraformaldehydefixed tissue (Guo, Moore, Forcales, Engvall, & Shelton, 2010) . Thus, post-synaptic dystrophin may not have been detected in studies using paraformaldehyde-fixed tissue.
Similarly, b-dystroglycan has been localized in presynaptic domains using immunoelectron microscopy at the photoreceptor synapse in the chick (Blank et al., 1997; Jastrow, Koulen, Altrock, & Kr€ oger, 2006 ) and mouse (Blank, Koulen, Blake, & Kr€ oger, 1999) . However, these data are consistent with the presence of b-dystroglycan in both the pre-synaptic photoreceptor terminal and the post-synaptic bipolar cell dendrite, as has been demonstrated in the rabbit (Koulen et al., 1998) .
Additional studies have demonstrated that some members of the dystrophin/dystroglycan complex are expressed at the postsynaptic side of the photoreceptor synapse. Immunohistochemical studies in porcine retina support the view that dystrophins are present both preand post-synaptically in the OPL (Bordais et al., 2005) . More recently, dystrophin isoforms have been demonstrated post-synaptically in bipolar cells of the mouse (Wersinger et al., 2011) . Together, these data strongly support a role for the dystrophin/dystroglycan complex at the photoreceptor synapse.
| Trans-synaptic stabilization in the OPL
A putative extracellular matrix ligand for dystroglycan, pikachurin (Egflam), has been demonstrated in the OPL and shown to be essential for proper photoreceptor synapse formation and function (Sato et al., 2008; Kanagawa et al., 2010; Hu, Li, Zhang, & Yu, 2011) . Based on anatomical localization and co-immunoprecipitation data, it has been suggested that pikachurin binds to dystroglycan at the photoreceptor synapse of the mouse (Sato et al., 2008 ). Yet, the absence of pikachurin in the OPL of a muscular dystrophy model neither leads to a loss of all bassoon immunoreactivity (Hu et al., 2011) , nor to the loss of all dystroglycan immunoreactivity (Kanagawa et al., 2010) , suggesting that pikachurin is neither required for anchoring bassoon at the photoreceptor ribbon nor for anchoring all dystroglycan at the photoreceptor synapse. Indeed, deletion of dystroglycan from all retinal cells including photoreceptors does not lead to the loss of all pikachurin at the photoreceptor synapse (Omori et al., 2012) .
We show here that the deletion of laminin b2 leads to a disruption of the localization of pikachurin with post-synaptic mGluR6. However, pikachurin remains associated with b-dystroglycan upon deletion of laminin b2; thus, the b-dystroglycan-pikachurin interaction is not dependent on laminins in the synaptic space. Our model for the transsynaptic complex (Figure 11 ) is markedly different from that proposed by others for pikachurin interaction with presynaptic dystroglycan (Sato et al., 2008; Omori et al., 2012) .
The deletion of laminin b2 does lead to an altered ERG and floating photoreceptor synaptic ribbons (Libby et al., 1999) . Here, we show these changes are not accompanied by large changes in presynaptic proteins: the deletion of laminin b2 does not dramatically alter the distribution or quantity of presynaptic VGLUT1, SV2, SNAP-25, PSD-95, bassoon, kinesin, or integrin a3. In contrast, some of the post-synaptic structure is altered, including the distribution of aPKC, Goa, mGluR6, GPR179, and calbindin. In addition, pikachurin is no longer associated with mGluR6 in the Lamb2 null, suggesting that pikachurin is associated with some portions of the post-synaptic complex in a laminindependent manner. Intriguingly, mutations in the Drosophila ortholog of pikachurin (SP2353) leads to shortened photoreceptor rhabodomere lengths (Marrone, Kucherenko, Rishko, & Shcherbata, 2011 ), a phenotype similar to the Lamb2 null (Libby et al., 1999) .
We provide here evidence that, in mouse, the dystrophin/dystroglycan complex is not only expressed at the lateral borders of the presynaptic terminals of photoreceptors, but is also present on the post-synaptic side of the photoreceptor synapse in bipolar cells. We show that b-dystroglycan co-localizes with the bipolar cell neurotransmitter receptor, mGluR6 in wild-type mouse retina. In addition, we show that dystrophins and mGluR6 are co-localized in the OPL.
Furthermore, the co-localization of the dystrophin/dystroglycan complex and (post-synaptic) GPR179 and mGluR6 is affected in the Lamb2-null retina.
We previously showed that the Lamb2-null retina contains a reduced number of synaptic triads (Libby et al., 1999) . Here, we further show that laminin b2 deletion results in a delocalization of dystrophins, dystroglycan, pikachurin, GPR179, and mGluR6, reinforcing the crucial need for laminins containing the b2 chain in the synaptic cleft. We also provide evidence supporting a model in which a laminin network present in the synaptic cleft bridges the photoreceptor distal membrane to the bipolar post-synaptic membrane via dystrophin/dystroglycan anchoring. These transynaptic laminins would thereby serve to anchor post-synaptic mGluR6 receptors. The disruption of the laminin network in Lamb2-null mice would lead to a loss of laminin binding with the dystrophin/dystroglycan complex, cleavage of b-dystroglycan, destabilization of the synaptic arrangement, a reduction of triad numbers and a delocalization of mGluR6 ( Figure 11 ).
Our model for trans-synaptic stabilization is strengthened by several independent observations. First, the putative trans-synaptic ligand, pikachurin, appears important for proper photoreceptor synapse formation (Sato et al., 2008) . Second, presynaptic elements are disrupted during degeneration in the RCS rat retina, and this elicits a diffusion of the post-synaptic mGluR6 (Nomura et al., 1994) . Finally, our results demonstrate that laminins containing the b2 chain are essential not only for synapse formation but also for synapse stabilization and function in mature retina, via interaction with members of the dystrophin/dystroglycan complex and pikachurin, as well as indirectly with the post-synaptic mGluR6 and GPR179. Whether the laminins potentially present at the photoreceptor synapse, including laminins 423 and 523, have different affinities for the different integrins and dystroglycan present at the synapse remains to be tested. 
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